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A laboratory-scale model system was developed to investigate the transport mechanisms involved in the
horizontal movement of bacteria in overland flow across saturated soils. A suspension of Escherichia coli and
bromide tracer was added to the model system, and the bromide concentration and number of attached and
unattached E. coli cells in the overland flow were measured over time. Analysis of the breakthrough curves
indicated that the E. coli and bromide were transported together, presumably by the same mechanism. This
implied that the E. coli was transported by advection with the flowing water. Overland-flow transport of E. coli
could be significantly reduced if the cells were preattached to large soil particles (>45 �m). However, when
unattached cells were inoculated into the system, the E. coli appeared to attach predominantly to small
particles (<2 �m) and hence remained unattenuated during transport. These results imply that in runoff
generated by saturation-excess conditions, bacteria are rapidly transported across the surface and have little
opportunity to interact with the soil matrix.

The transport of microorganisms from agricultural land into
waterways can have detrimental effects on water quality and
human health (10, 18, 28, 29). To develop robust strategies to
control the passage of microorganisms to waterways, a good
understanding of the transport mechanisms involved is re-
quired. In a study of pig slurry flowing down a slope, it was
reported that all of the bacteria were absorbed and retained by
the soil under relatively dry antecedent conditions (9). In con-
trast, studies with saturated soils often show poor removal of
bacteria (4, 5). This can be attributed, in part, to a lack of
infiltration, which limits interaction of runoff with the soil ma-
trix (1, 3).

A further important factor in determining bacterial trans-
port in overland flow is the state in which the bacteria occur,
with different transport mechanisms postulated for bacteria
attached to soil particles, present in flocs of cells, or occurring
as single cells (11, 16, 28). It has been calculated that bacteria
would need to be attached to soil particles �63 �m in diameter
to settle out of overland flow and would need to be in large
flocs �500 �m in diameter before they could be filtered out by
grasses (11). In studies with artificial cowpats under simulated
rainfall conditions, it was found that Escherichia coli cells were
not eroded in flocs and that only 8% were attached to particles
(21). These findings imply that E. coli eroded from cowpats
during rainfall events would, under saturation-excess condi-
tions, be rapidly transported over the soil surface unless it can
attach to large soil particles during the transport process.

There have been numerous studies on the attachment of
bacteria to particles in marine waters, but only a small number
with freshwater systems (8). In storm water from urban land,
fecal indicator bacteria were adsorbed predominantly to fine
clay particles (�2 �m) (6). In another study with urban storm
water, 83% of fecal coliforms were observed to remain in

suspension after 4 h in a static column, and a similar percent-
age were able to pass through a 5-�m filter (24). In a ground-
water system, the number of bacteria attached to particles has
been reported to range from 0 to 100% (17). It has been
observed that flocs are an important transport mechanism for
fine particles in river systems and that bacteria were an impor-
tant component of these flocs (8). In studies of floc size, it was
found that more than 90% of the fecal coliforms in lake water
passed through a 5-�m filter (12). These studies of freshwater
systems suggest that if bacteria are attached to particles in
freshwater, they are attached predominantly to small particles.
However, it is possible that bacteria attached to larger particles
are rapidly removed from the water column, leaving behind
unattached cells and cells attached to small particles.

In this study we created a model lab-scale runoff system to
study the mechanisms involved in the horizontal transport of E.
coli under saturation-excess flow conditions, with a particular
focus on the potential for E. coli to attach to soil particles
during transport.

MATERIALS AND METHODS

Runoff experiments. A series of runoff experiments was conducted, whereby a
spike of E. coli and bromide tracer was added to water flowing horizontally over
and through sterile soil held within a small box. The resulting runoff was col-
lected and analyzed for tracer (Br) concentration and the numbers of attached
and unattached E. coli cells. Table 1 contains a summary of the combination of
the variables tested and the number of experiments conducted. Briefly, the soil
boxes were held on either a 5 or a 15% slope. In most experiments, water was
pumped onto the top of the soil boxes at a flow rate of either 0.6 or 2.0 ml s�1

to generate runoff. To determine if the extra soil particles in the runoff led to
increased attachment, in some experiments (conducted at the 0.6 ml s�1 flow rate
only), additional sterile soil particles were added to the water to create a slurry
which was pumped onto the top of the soil boxes (Table 1). The E. coli and
bromide tracer was inoculated into the flowing water (or slurry) at the top of the
soil boxes. Two different E. coli isolates were used in the inocula: a laboratory
strain (ATCC 25922) and a recent environmental isolate from cow feces (22).
The lab isolate was always inoculated from a broth solution, and therefore the
cells were not attached to soil particles in the inoculum. In contrast, the envi-
ronmental isolate was used in the inoculum as both unattached cells and cells
preattached to soil particles, as described below (Table 1).
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To prepare the unattached cell suspensions used in this study, the two isolates
were revived from cryopreservation (Microbank; Pro-Lab Diagnostics, Richmond
Hill, Canada) on tryptic soy agar (TSA) (Difco) plates before a single colony was
inoculated into tryptic soy broth (Difco) and grown overnight for 16 to 18 h at
35°C to a concentration of approximately 109 cells ml�1. Overnight broths were
diluted to approximately 107 cells ml�1 in a 10,000-ppm KBr solution. Suspen-
sions of cells attached to soil particles (environmental isolate only) were also
prepared using an up-flow reactor as described below.

One local silt loam soil was used in this study, the Waikiwi soil (NZ classifi-
cation, typic firm brown soil) (15). The soil boxes, made of stainless steel, were
30 cm long, 5 cm wide, and 6 cm deep. One end had a collection trough recessed
1 cm from the top for collecting the runoff. The soil was packed into the boxes
to a depth of 5 cm before each entire box was sterilized by autoclaving at 121°C
for 25 min. The reverse osmosis (RO) water was pumped onto the soil surface at
the upper end of the soil box by using a variable-speed peristaltic pump until the
soil boxes had filled with water and runoff occurred. For the experiments where
additional soil particles (slurry) were added to the RO water, 10 g (wet weight)
of sterile soil was added to 1 liter of RO water and mixed in a blender (KB290;
Kambrook, Oakleigh, Victoria, Australia) on low for 1 min. The resulting soil
slurry was kept in suspension with a mechanical stirrer before being pumped
onto the top of the soil boxes.

Once runoff began, flushing of water through the soil boxes was continued for
an additional 20 to 30 min prior to the addition of the bromide tracer and
bacteria in the inoculum. A 1-ml inoculum of the suspension was pipetted into
the flowing water at the top of the soil box, and the runoff water was sampled
immediately and at subsequent time intervals. For each experiment, a total of 15
runoff water samples were collected, as a composite sample of either 10, 15, or
20 seconds in duration in a series of increasing time intervals, so that all of the
runoff from the first minute was collected. Thereafter, sampling intervals were
gradually increased until the last sample was collected after 20 min. For each
runoff water sample, the E. coli in a 5-ml subsample was separated into attached
and unattached fractions by using a Nycodenz buoyant-density centrifugation
technique previously described (21). Briefly, a sample of bacteria and soil par-
ticles was centrifuged on a Nycodenz cushion (density of 1.3 g ml�1) and any
bacteria recovered from below the cushion was deemed to have been attached to
a dense particle (21). The number of E. coli cells in each fraction was estimated
using the drop plate technique (2) on TSA. The bromide concentration in the
sample was determined using a selective ion probe (model no. 9435BN; Orion
Research Incorporated, Boston, Mass.).

For each experiment, the E. coli concentration in the inoculum was deter-
mined by the drop plate technique on TSA plates. For experiments which used
E. coli that was preattached to soil particles in the inoculum, the attached and
unattached fractions were estimated as described in “Up-flow reactor” below.

Attachment of E. coli to soil particles in a static system. Waikiwi soil was dried,
sieved through a 2-mm sieve, rewet to approximately 60% moisture, and steril-
ized by autoclaving at 121°C for 15 min. Overnight broths of the E. coli were
diluted in sterile water to approximately 107 cells ml�1, and 0.1 ml of the
resulting solution was then inoculated into 0.5 g of sterile soil and mixed by
tapping the tube on a bench until the soil had absorbed the droplet. After 30 min
of contact time, the attached and unattached fractions of E. coli in the soil were
separated by the buoyant-density separation technique and the percentage of
cells in each of the two fractions was estimated using the drop plate technique.

Up-flow reactor. To generate samples in which a consistently high percentage
of E. coli cells was attached to large soil particles, an up-flow reactor was
developed. This consisted of a 10-ml disposable pipette tip held upright in a lab

clamp with the large opening at the top. The reactor was half filled with sterile
soil, and an overnight culture (tryptic soy broth) of the E. coli isolate (approxi-
mately 109 cells ml�1) was added to the base of the reactor (pipette tip) at a flow
rate of 0.25 ml s�1, with the excess culture overflowing to waste at the top of the
reactor. This resulted in a vertical velocity at the top of the reactor of 1.6 mm s�1.
Only particles with a settling rate greater than 1.6 mm s�1 remained in the
reactor, corresponding to a soil particle size greater than 45 �m in diameter (27).
After 15 to 20 min of up-flowing, the culture was replaced with a solution of
10,000 ppm KBr for a further 20 min. During this time, unattached E. coli cells
were flushed out of the reactor. The KBr solution was added to create a sample
that contained both attached cells and bromide tracer for use in subsequent
runoff experiments. Duplicate 1-ml subsamples were collected from the up-flow
reactor, and the numbers of cells in the attached and unattached fractions were
determined as previously described.

Data analysis. To allow for differences in the E. coli concentrations in the
inocula, both the E. coli and bromide concentrations measured in the runoff (Cr)
were normalized by dividing these values by the concentrations in the inoculum
(Ci). Summary data of each experiment were calculated from the bromide and E.
coli breakthrough curves by determining the time and normalized concentration
(Cr/Ci) of the peak of each breakthrough curve. For each individual runoff
sample from each experiment, the relative bacterium-to-bromide (RB) ratio was
calculated by dividing the E. coli concentration (Cr/Ci) by the bromide concen-
tration (Cr/Ci) as previously described (14). The RB ratio indicates the propor-
tion of the bacteria transported relative to a conservative tracer which allows for
dispersion and dilution of the breakthrough curves, which vary between experi-
ments. The RB summary data for each experiment were calculated as the aver-
age RB ratio for five data points centered on the peak of the E. coli breakthrough
curve. The summarized data were analyzed by comparing contrasting batches of
experiments with analysis of variance using GENSTAT version 7.

RESULTS

Runoff experiments. Typical breakthrough curves obtained
from the runoff experiments are shown in Fig. 1. While the
concentration of the environmental isolate in the runoff was
less than the bromide concentration, the time of the arrival of
the peak appeared to be the same (Fig. 1A). This suggests that
unattached cells were being transported by the same mecha-
nism as bromide (i.e., advection). In contrast, the preattached
cells of the environmental isolate (from the up-flow reactor)
had very low concentrations compared to the bromide al-
though the peak times of arrival were similar (Fig. 1B). Exper-
iments with the lab isolate showed that the concentration of E.
coli was again less than that of bromide and that E. coli con-
centrations appeared to be intermediate between the unat-
tached and preattached environmental isolate (Fig. 1C). When
additional soil particles (slurry) were added to the flowing
water, there was a delay in the arrival of the peak concentra-
tions for both E. coli and bromide indicating that the water
flow was slower, although for each individual experiment, E.
coli and bromide peaks still coincided (Fig. 1D). When the RB
ratios were calculated for all experiments, the RB ratio was
always less than 1 and showed a pattern of peak RB ratio at the
same time as E. coli breakthrough and tapering off (Fig. 1E and
F). On average, the RB ratio for the environmental isolate was
greater than the RB ratio for the lab isolate (Fig. 1E). In
contrast, the RB ratio for the preattached environmental iso-
late was much smaller than that observed for the unattached
isolates (Fig. 1E and F). Despite the delay in the arrival of
peaks for the unattached cells transported in the slurry, there
appeared to be no difference in the RB ratio compared to that
for the unattached cells transported in water (Fig. 1E and F).

For all experiments, the timing of breakthrough curves for
E. coli and bromide coincided. A regression line for the rela-
tionship between the times of arrival of the bromide and E. coli

TABLE 1. Summary of treatments used in the runoff experiments

Flow rate
(ml s�1)

Slope
(%)

Presence of
additional

soil in
runoff
water

(slurry)

No. of expts performed with:

Lab isolate Environmental isolate

Unattached Unattached Preattached

0.6 5 No 2 2 2
5 Yes 2 2 0

15 No 2 2 2
15 Yes 2 2 0

2.0 5 No 2 2 2
15 No 2 2 2
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FIG. 1. E. coli and bromide breakthrough curves from selected runoff experiments conducted at a flow rate of 0.6 ml s�1 and slope of 5%.
(A) Unattached environmental isolate transported in water; (B) environmental isolate preattached to soil particles transported in water;
(C) unattached lab isolate transported in water; (D) unattached lab isolate transported in the slurry; (E) RB ratios plotted against time for the
breakthrough curves from panels A and C; (F) RB ratios plotted against time for the breakthrough curves from panels B and D. Env. Unatt.,
unattached environmental isolate; Lab Unatt., unattached lab isolate; Env. Att., preattached environmental isolate.
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peak concentrations on a log-log graph had a slope of 0.98 and
an R2 of 0.99, which was statistically significant (P � 0.0001)
(data not shown). The mean percentages of E. coli cells at-
tached to soil particles in runoff ranged from 18 to 50%, with
an overall mean of 32% (data not shown). There were no
significant differences in the percentages of cells attached in
runoff between any of the variables tested. The addition of
extra soil particles to the model system (slurry) did not increase
the percentage of E. coli cells attached in runoff. Also, there
were no trends between percentage attached and time through
the breakthrough curve. In light of this result, all further sta-
tistical analysis of the E. coli data from the runoff experiments
was conducted on the total E. coli concentration (attached plus
unattached fractions).

Overall, there were no significant differences between the
different slopes and/or flow rates used in the experiments. This
suggests that, for the model system used in this study, these
variables have little effect on E. coli or bromide transport in the
runoff.

Comparison of summary data from the preattached versus
unattached environmental isolates showed no significant dif-
ference between the times or concentrations of bromide peaks
or the times (only) of the E. coli peaks. This illustrated that the
pattern of water flow was relatively consistent between exper-
iments. However, there was a significant difference between
the E. coli peak concentrations (P � 0.001) and the RB ratios
(P � 0.001). The mean peak E. coli concentrations and RB
ratios were 0.0005 and 0.05, respectively, for the preattached
inocula and 0.003 and 0.32, respectively, for the unattached
inocula. These results support the hypothesis that bacterial
cells attached to large soil particles are transported less than
unattached cells. The patterns of both the peak concentrations
and the RB ratios showed that the preattached cells were
transported at a rate of 16% (0.05/0.32) of that of the unat-
tached cells.

There was a significant difference (P � 0.01) between RB
ratios calculated for lab (0.17) and environmental (0.32) iso-
lates. This indicated that the environmental isolate was atten-
uated less than the lab isolate. However, there was no signifi-
cant difference between the times or peak concentrations for
either the bromide or the E. coli breakthrough curves. This
highlights the additional power of the RB ratio analysis, as it
can remove some of the variability between individual experi-
ments. A good illustration of this is shown in Fig. 1D, where
the breakthrough curves of the duplicate experiments had dis-
tinctly different shapes but the RB ratios were similar (Fig. 1F).

Addition of extra soil particles to the flowing water (slurry)
slowed the transport of both bromide and bacteria compared
to their transport in water (Fig. 1D). This time delay resulted
in increased dispersion, which reduced peak concentrations.
Statistically, there was a significant difference (P � 0.05) be-
tween the times and peak concentrations for both the bromide
and the E. coli breakthrough curves. This effect is most likely
caused by the additional soil particles blocking soil pores and
causing water to follow a more torturous pathway. Visually, the
cloudiness of the runoff samples was much less apparent than
that of the input slurry, indicating that most of the added soil
particles had been trapped in the soil boxes. Despite this de-
layed transport through the model system, there was no signif-
icant difference between the RB ratios for the experiments

using water or slurry as the transport medium (Fig. 1). There-
fore, the transport of the cells was not affected by additional
soil particles, indicating that the cells were not attaching to
large soil particles in the water flow. This was further sup-
ported by analysis for attached E. coli cells in the runoff:
samples from the slurry experiments consistently produced a
larger “pellet” after centrifugation, indicating that there were
more soil particles in the runoff from the slurry experiments
than in the runoff from the water experiments. However, the
percentages of E. coli cells attached to these particles were
similar in both matrices.

Attachment of E. coli to soil particles in a static system. In
a static system, the two E. coli isolates consistently showed
contrasting abilities to attach to the Waikiwi soil. Analysis of
six batches of experiments conducted with the lab isolate found
a mean attachment of 24%. In contrast, analysis of 11 batches
of experiments with the environmental isolate resulted in a
mean attachment of 81%. The difference between these means
was statistically significant (P � 0.001).

Up-flow reactor. The up-flow reactor was used to generate
inocula for runoff experiments where bacteria would be con-
sistently attached to soil particles in high numbers in a solution
of 10,000 ppm KBr. Three duplicate analyses of the lab isolate
found that 79% of the cells attached and that the total E. coli
numbers in the reactors ranged from 4 � 106 to 1 � 107 CFU
ml�1. In contrast, the environmental isolate consistently pro-
duced greater cell concentrations in the reactor, showing that
more cells were retained, and this was reflected in a higher per-
centage of cells attached to particles. Twelve duplicate analyses of
the environmental isolate found that 95% of the cells were at-
tached to particles and that the total E. coli numbers in the
reactors ranged from 1.7 � 107 to 7.7 � 107 CFU ml�1.

DISCUSSION

Previously published studies on the transport of bacteria
through soil have focused on the vertical movement of bacteria
through soil columns. The key findings of these soil column
experiments have been that the breakthrough curves for bac-
teria are very different from those of a conservative chemical
tracer, thereby implying that different transport mechanisms
are involved (19, 20, 26). In our studies of the horizontal
transport of E. coli, the most striking result is the very similar
shapes and timings of the E. coli and bromide breakthrough
curves. This finding suggests that the bacteria and bromide are
transported by similar mechanisms. In our study, water ran
through the small soil boxes in order to simulate saturation-
excess overland flow prior to the addition of the E. coli-bro-
mide mixture into the flowing system. It is likely that a large
proportion of the inoculum moved rapidly over the soil sur-
face, with little interaction with the soil matrix (1). This rapid
movement is reflected in the short arrival time of break-
through, the peak taking as little as 15 seconds to arrive at the
higher flow rate of 2 ml s�1, equivalent to an average velocity
of 20 mm s�1.

The strong similarity between the E. coli and bromide break-
through curves enabled us to use the RB ratio (14) to remove
some of the variability between different soil boxes and in-
crease the power of our analysis. If E. coli were transported in
a manner identical to bromide, then the RB ratio plotted
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against time would be a flat line with a value of 1. Our results
showed that the RB ratio was always less than 1 and tended to
decrease on the tail of breakthrough curves. This indicated that
E. coli was retained more than bromide and that the bromide
concentrations remained higher on the tail of the break-
through curves (Fig. 1). These observations are consistent with
the bromide diffusing into and out of the soil matrix while any
E. coli that moved into the soil matrix was likely to remain
trapped (23, 25).

Comparison of the preattached (from the up-flow reactor)
and unattached inocula of the environmental isolate showed
that there was a significant difference between the peak E. coli
concentration and the RB ratio. These data show that cells
preattached to large soil particles were trapped in soil boxes.
While many researchers have proposed that the attachment of
bacteria to soil particles decreases cell transport (10, 16, 28,
29), we believe that the current study is the first to demonstrate
this experimentally. There were two interesting observations of
the transport of preattached cells: (i) a comparison of the RB
ratios and (ii) the timing of the breakthrough curve peak. If we
assume that only 5% of E. coli cells in the preattached inocula
were unattached, then we would expect a similar proportion of
the E. coli cells to be transported in the overland flow and
collected in the runoff. However, comparing the RB ratios of
the preattached versus unattached inocula found that the mea-
sured difference in transport was 16%, indicating that more
preattached E. coli cells were transported than expected. It is
likely that some of the E. coli cells were only weakly bound and
therefore disassociated from the large particles during trans-
port; this is supported by the analysis that showed that a large
proportion of E. coli cells in the runoff was unattached. Sur-
prisingly, for the environmental isolate, there was no signifi-
cant difference in percentage of cells attached to particles in
the runoff between preattached and unattached treatments.
Scanning electron microscope analysis (data not shown) of
samples of the attached fraction from the runoff samples re-
vealed that the E. coli cells were associated predominantly with
particles smaller than the bacteria. While these small particles
(with bacteria attached) were dense enough to move through
the Nycodenz layer that was used to separate the attached and
unattached bacteria, it appears these small particles did not
affect E. coli transport under the runoff conditions generated in
this study (11).

It could be argued that our model system would have pro-
duced less erosion of soil particles into runoff than a more
typical raindrop impact-driven system (7). We therefore con-
ducted experiments with additional soil particles (slurry)
added into the runoff system to test this. However, when the
RB ratios were compared, there was no significant difference
between the slurry and water runoff experiments. There was
also no significant difference between the percentages of E. coli
attached to particles in runoff. This is despite the large increase
in the number of soil particles transported in slurry samples.
This result would imply that the bacteria are predominantly
interacting with and attaching to small soil particles (fines) that
are also being carried along in the flowing water. If the E. coli
cells being transported in the slurry had attached to large soil
particles, they would have been removed from the runoff (as in
the preattached experiments) and the resulting RB ratio would
have been smaller. This also supports our hypothesis that, in

runoff generated by saturation-excess conditions, E. coli cells
are transported in overland flow where the bacteria interact
predominantly with small soil particles in the flow rather than
with large particles in the soil matrix.

When the rates of transport of the two E. coli isolates were
compared, there was a significant difference in the RB ratios.
In studies of the transport of bacteria through soil columns by
using 19 different isolates, it was found that there were “mark-
edly different degrees of transport,” with variability both be-
tween and within species (13). Our observation of different RB
ratios (0.32 versus 0.17) was therefore not unexpected. Since
the lab isolate was transported to a lesser degree than the
environmental isolate, it is tempting to conclude that the lab
isolate had a greater tendency to attach to soil particles. How-
ever, this conclusion is not supported by other observations.
First, if the lab isolate had a greater attachment to soil particles
that reduced its transport, then we would also expect to see
greater attachment to the small soil particles in runoff. Second,
the results from runoff experiments contradict our results from
the static attachment test and up-flow reactor study. This high-
lights the need for caution when comparing the behavior of
bacteria in a static system with that in a flowing system.

Using our model runoff system, we have demonstrated that
E. coli cells attached to large soil particles are transported less
than unattached cells. However, in flowing systems it appears
that the attachment of E. coli cells to soil particles may not
have a large effect on their overall transport since (i) under
saturation-excess runoff conditions, E. coli cells appear to be
rapidly transported by advection with the water flow and have
little opportunity to interact with the soil matrix and (ii) at-
tachment of E. coli in the overland flow was predominantly to
small soil particles that did not settle.

This work from a laboratory-based study provides direction
for designing experiments investigating the transport of bacte-
ria on a larger scale. The implication that arises from the
results is that bacteria moving in overland flow are unlikely to
be removed by attachment to soil particles. Techniques to
enhance the removal of E. coli from runoff therefore need
to focus on increasing infiltration of the bacteria into the soil
matrix. This approach appears to have a greater potential to
trap bacteria.
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